Expression of Lunatic fringe mRNA was studied during feather morphogenesis and showed three stages of dynamic expression pattern. (1) Lunatic fringe was ®rst expressed in the epithelium as a ring bordering the feather primordium when it was initially induced. (2) Shortly after, it showed a polarized pattern, ®rst toward the lateral side of the feather primordium and then made a 908C switch toward the posterior side of the short bud. It then becomes weakly expressed in the long bud stage. (3) Finally, it is expressed in the marginal plate epithelia of feather ®laments. In contrast, Radical fringe is weakly expressed in the feather bud, but is also present in the marginal plate epithelia of feather ®laments. q
Introduction and Results
The fringe gene was ®rst isolated in Drosophila (Irvine and Wieschaus, 1994) and has since been studied in many systems, including Drosophila wing (Irvine and Wieschaus, 1994) and eye (Cho and Choi, 1998) , vertebrate neurogenesis (Sakamoto et al., 1997) , vertebrate somitogenesis (Evard et al., 1998; Forsberg et al., 1998; McGrew et al., 1998; Zhang and Gridley, 1998) , vertebrate limb bud development (Rodriguez-Esteban et al., 1997; Laufer et al., 1997) and mouse skin (Thelu et al., 1998) . In many of these models, Fringe is found to be involved in boundary determination via the Notch signaling pathway by modulating the interaction of Notch receptor and its ligands (Panin et al., 1997) . Notch and its related molecules have been found to be expressed in various stages of feather morphogenesis (Chen et al., 1997; Crowe et al., 1998; Viallet et al., 1998) . It is thus of interest to examine whether the two chick fringe homologs, Lunatic and Radical fringe, are also expressed in the feather to set up boundaries. Although L-fng was used as a marker to show that it is present in the posterior domains of both normal and noggin transduced feather buds (Noramly and Morgan, 1998) , a complete study focused on L-fng has not been presented. This paper presents a complete report on the dynamic expression of Lfng in different stages of feather development, particularly the surprisingly novel ®nding that its expression goes through a transition from medial±lateral asymmetry to anterior±posterior asymmetry.
Wholemount in situ hybridization on chick embryos shows that Lunatic fringe (L-fng) is expressed in dorsal feather primordia dynamically. The expression pattern goes through three phases: (1) a circular pattern in feather primordia, (2) a polarized pattern in feather buds, ®rst laterally then posteriorly and (3) a striped pattern in marginal plates of feather ®laments.
The ®rst two phases are illustrated in Fig. 1A±E , where embryos of progressively more mature stages are shown. The feather primordia rows are numbered in their order of appearance. Feather placodes appear sequentially from the midline (row 0) of the dorsal skin so that the most lateral rows are the most nascent. In a H&H stage 30 embryo (Hamburger and Hamilton, 1951) which has only one row of feather placodes, L-fng is expressed as rings encircling the placodes (Fig. 1A) . Similar ring expression pattern in feather primordia was observed in Wnt-7a (Widelitz et al., 1999) . In another stage 30 embryo where rows 2/2 H are starting to appear, rows 2/2 H show faint circular L-fng expression, while rows 1/1 H have L-fng in the lateral domain (lateral of the spinal tract, or the side facing the apteric region) and row 0 has posterior expression (Fig. 1B) . In a stage 31 embryo with seven rows of feather primordia forming, a similar pattern is observed. In the boxed region in (Fig. 1F) . CSerrate-1 is expressed in the posterior domain of all seven rows of feather buds. Enlarged views of the boxed regions in Fig. 1C, 1F and are shown respectively in Fig. 1C H , 1F H . The arrows indicate the polarity of gene expression. L-fng has the lateral±posterior switch but c-Serrate-1 does not. This intriguing switch of medial±lateral to anterior±posterior polarization is seen in many different embryos (n 15).
As can be observed from Fig. 1A±C and further supported by Fig. 1D ,E, feather buds that initially have lateral L-fng expression later express L-fng in the posterior domain. In Fig. 1D ,E, embryos of stages 32 and 34 have many rows of feather buds. While the most lateral rows show faint circular expression or lateral expression (rows 4/4 H in Fig. 1D or rows 8/8 H in Fig. 1E ), the center rows have L-fng in the posterior domain. The feather buds in rows 2/2 H and 3/3 H that expressed L-fng laterally at stage 31 later express L-fng posteriorly when the embryo reaches stage 32. As feather placodes continue to grow into short and then long bud stages, L-fng expression decreases. The feather buds in the center rows of a stage 34 embryo have weaker L-fng expression (Fig. 1E) . In situ hybridization on longitudinal sections of short feather buds shows that only the posterior epithelium of the feather placode expresses L-fng (inset in Fig. 1C ). As feather buds elongate, L-fng expression slowly decreases but remains localized distal-posteriorly (inset in Fig. 1E ).
L-fng is also expressed in the feather buds in the femoral tract (Fig. 1G±I) . It is also ®rst expressed in a ring pattern (Fig. 1G) . As feather placodes advance into the short bud stage, L-fng expression intensi®es in the posterior domain of the feather buds in the posterior lateral region (where feath- ers started to form and therefore are more mature) of the femoral tract. However, in newly forming feather primordia, the polarization is toward the midline or the apteric region (Fig. 1H) . By stage 34, all feather buds have the expression pattern as posteriorly localized (Fig. 1I) . Thus in both spinal and femoral tracts, the initial localization of L-fng expression appears to be toward the side where the apteric region resides.
In comparison to L-fng, R-fng expression is weak and much less dynamic. It is expressed within the placodes in both the dorsal tract and femoral tract feather buds (Fig.  1J,K) , and later disappears. An enlarged view of a stage 33 skin probed with R-fng shows that it is present in the center of the placodes (Fig. 1L) .
As feather buds advance to the ®lament stage, the epithelium invaginates and later differentiates into barb plates and marginal plates (Chuong and Widelitz, 1998) . Wholemount in situ hybridization of L-fng, R-fng, c-Notch-1 and cSerrate-2 on H&H stage 35±36 skins shows that all four genes are expressed in feather ®laments as striking stripes (Fig. 2A±D) . Sectioning the feather ®laments or performing in situ hybridization on sections shows that L-fng and R-fng appear periodically in the marginal plate epithelial region, similar to c-Serrate-2 ( Fig. 2A H ,B H ,D H ; Crowe et al., 1998) . This is in contrast to c-Notch-1, which is expressed in the barb plate (Fig. 2C H ; Crowe et al., 1998) . The stage for the R-fng specimen is younger, and a low level of R-fng expression is seen beyond the marginal plate epithelia.
Materials and methods
Eggs were purchased from SPAFAS (Norwich, CT). The chicken Lunatic fringe, Radical fringe and c-Serrate-2 probes were described in Laufer et al., 1997 . The c-Notch-1 probe was described in Myat et al., 1996 . Wholemount in situ hybridization, paraf®n section in situ hybridization, and 
